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Historically in the development of transducer technology, much 
emphasis has been placed upon advanced linear and annular arrays with 
little effort directed toward designing more efficient, broadband, 
single-element transducers, which are employed in most field applica-
tions. Southwest Research Institute funded an internal research proj-
ect to investigate three novel approaches to efficient broadband 
transducer design: polarization control (1), pulse-shape control (2), 
and back-face concavity control (1). - -
DISCUSSION OF EXPERIMENTS 
Polarization Control 
A piezoelectric element radiates acoustic energy primarily from 
the zones of greatest polarization gradient. Thus, a uniformly polar-
ized piezoelectric plate radiates from both faces. If the degree of 
polarization decreases smoothly to a minimum at one face, that face 
ceases to radiate and a single-face radiator should result. This 
provides a unipolar, broadband pulse desirable for many applications 
in ultrasonic testing and evaluation. 
To evaluate the effectiveness of the polarization control method 
to produce aperiodic tranducers (4). a polarization control fixture 
was designed to apply controlled heat to both faces of a transducer 
causing a temperature gradient through the thickness of the element. 
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The experiments were aimed at establishing a smooth gradient of the 
polarization across the element such that one face was fully polar-
ized and the other was depolarized. The ultrasonic response of the 
disk was monitored during the process. The fixture had an upper 
200-watt and a lower 9O-watt heating element. 
A block diagram of the fixture illustrating the high-vo1tage 
connection and the ultrasonic monitor system is shown in Figure 1. 
Thermocouples attached as near as practicable to the surfaces of the 
PZT-5A disk monitored the temperature gradient across the disk. A 
third thermocouple attached to a thin aluminum disk was used to evalu-
ate the temperature drop between thermocouple T1 and the surface of 
the PZT-5A disk. Polarization was measured by removing material 
incrementally from one face of the piezoelectric element, and 
measuring the response to a 10-MHz ultrasonic pulse. 
The polarization control fixture was used to induce polarization 
gradients in several thicknesses of piezoelectric ceramic disks of 
PZT-5A, PZT-5H, and PZT-4. Excitation of the piezoelectric ceramic 
disk provided a satisfactory method for measuring the level of polar-
ization at elevated temperature. The ultrasonic pu1ser/receiver was 
used in the pulse-echo mode to observe multiple internal reflections 
in the shock-excited piezoelectric disk. It was found that the 
piezoelectric response of the disks disappeared as temperature 
increased close to the Curie temperature, but the response returned 
as the disks cooled. Because of this hysteresis, a separate test 
fixture was assembled to evaluate the partially polarized disks • 
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Fig. 1. Schematic of the polarization control fixture showing the 
means of measuring the polarization state. This fixture was 
also used to repo1arize the piezoelectric disks. 
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An evaluation setup was assembled and used to evaluate the 
response of piezoelectric ceramic disks before and after partial 
depolarization. This setup essentially consisted of a lO-MHz trans-
ducer ultrasonically coupled to the disk under evaluation through a 
19-mm aluminum block. This setup was used to compare the output of 
normally and partially depolarized piezoelectric disks. 
The electrical output of a normally polarized piezoelectric disk 
is shown in Figure 2. The oscillograph (Figure 2a) shows the initial 
reception (1) of the acoustic pulse followed by three internal reflec-
tions of the acoustic pulse. The internal reflections are illus-
trated schematically (Figure 2b) to point out separation between the 
front-face and back-face responses. Longitudinal velocity in the nor-
mally polarized PZT-5A was 4.39 x 105 cm/sec. The first internal 
reflection (2) from the rear face of the disk was about twice the 
amplitude of the initially received pulse at the front surface and 
was in opposite phase. Subsequent internal reflections experienced 
phase reversal and reduction of amplitude due to attenuation in the 
disk and coupling to the aluminum delay line at the front face. If 
the back face of the disk were perfectly matched to a backing member, 
the amplitude of pulse (2) would be slightly less than the first (1); 
and subsequent pulses (3) and (4) would not exist because no energy 
would be reflected from the back face. If, by partial depolariza-
tion, it were possible to eliminate response (2), an ideal broadband 
transducer would result. 
The result of the application of a thermal gradient to induce 
partial depolarization in a PZT-5A disk is shown in Figure 3. Oscil-
lograph 3a represents the same disk as shown in Figure 3a except the 
time base is changed to 0.2 microsec/div. Oscillograph 3b is the 
same type disk after application of a thermal gradient (346°C front 
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Fig. 2. Electrical output from a normally polarized piezoelectric 
element in the evaluation setup shown in Figure 1. 
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Fig. 3. Comparison of normally polarized and partially depolarized 
PZT-5A element. (Corrected front-to-back ratio on No. 120 
is 16:1.) 
to 430°C back). The measured front-to-back ratio is 16:1 when cor-
rected for a matched backing. For practical application as a broad-
band ultrasonic transducer, a front-to-back ratio of between 20:1 and 
30:1 is desirable. 
Some difficulty was encountered with the reduction of polari-
zation at the rear face to almost zero. In order to evaluate the 
effect of the ceramic/electrode interface and to determine the polari-
zation gradient in the body of the partially depolarized disks, mate-
rial was incrementally removed from the faces of three disks (Nos. 
115, 121, and 114), and the electrical response was recorded at each 
increment. The three disks subjected to this treatment exhibited dif-
ferent electrical responses, indicating differences in their states 
of partial polarization. 
For disk No. 115, the greatest polarization gradient was at a 
depth of 5.84 to' 5.99 mm from the front where the polarIzation 
changed by a factor of 2.5. From the thermal gradient (247° to 
363°C) applied across the thickness, a temperature differential of 
only 3°C (354 to 357°C) was associated with the polarization step. 
Another disk, No. 121, was exposed to a thermal gradient (346° to 
430°C), with the result that most of the ceramic was partially 
depolarized. 
The electrical response data obtained by the incremental mate-
rial-removal method used on the three disks were converted to rela-
tive percent polarization by normalizing each to its front-surface 
electrical response before depolarization. The polarization profiles 
are shown in Figure 4. Disk No. 121 exhibited a nearly ideal profile 
except that the back-face polarization was not zero and the front-
face response was less than half the original value. Disk No. 115 
experienced only a small change of polarization because the back-face 
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Fig. 4. Illustration of the distribution of polarization through the 
thickness of piezoelectric disks after application of 
thermal gradients. 
temperature was only a few degrees above the Curie temperature. Disk 
No. 114, however, displayed a sharp gradient about 40 millimeters 
from the front surface. 
Polarization control by a steady-state thermal gradient appears 
to be feasible, but a method is needed to reduce the residual polari-
zation at the back face and to optimize the polarization gradient. 
The incremental material-removal method of evaluating polarization 
profiles is expected to facilitate the optimization of the thermal 
range and gradient. 
Pulse-Shape Control 
Dixon and Davis (2) have demonstrated the feasibility of produc-
ing unipolar pulses by-optimizing the transmitter pulse. Their exper-
imental data included unipolar pulses from transducers having a nomi-
nal frequency of 15 to 25 MHz. 
A Texas Instruments model 6613 pulse generator was used to apply 
a triangular voltage pulse of precisely 2t duration to the air-
backed transducer such that a 3/2 cycle pressure pulse was produced 
in both pitch-catch and pulse-echo modes. Two air-backed, 12.7 mm 
diameter, 2.25~Hz immersion-type transducers were fabricated from 
1ead-zirconate-titanate (PZT-5A) piezoelectric material for evalua-
tion of controlled-pulse excitation techniques. 
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Figure 5 is an example of results obtained by shaping the exci-
tation pulse as compared to the standard UT instrument excitation 
(sharp spike-type pulse). The pair of PZT-5A transducers were evalu-
ated with a water path of about 152 mm between transmitter and 
receiver. The excitation pulse shape (Figure Sa) (rise time, fall 
time, width) was adjusted until the ringing after the received pulse 
was minimized. The resulting well damped, symmetrical, 3/2-cycle 
received pulse is shown in Figure 5b. The high amplitude, positively 
increasing portion of the pulse resulted from the addition of pulses 
from the front and back surfaces of the transducer. The noise or 
ringing following the 3/2-cycle pulse was a result of a slight mis-
match between the shaped excitation pulse and the resonant structure 
of the transducer. By comparison, the same transducer rang for 6 
cycles (as shown in Figure 5c) when excited by a standard UT pulser. 
The technique of controlled pulse excitation to reduce ringing and 
increase pulse width appears to be feasible for immersion-type 
transducers. 
Back-Face Concavity Control 
Mechanical techniques for modifying the resonance of transducer 
elements were investigated, and experimental elements were fabricated 
as described in Reference 3. This fabrication process is based on 
the principle that a mechanical resonance cannot exist between 
nonparallel surfaces. 
A piezoelectric element of lead-zirconate-titanate, 12.7 mm in 
diameter and 2.54 mm thick, was profiled on the back-face (see Fig-
ure 6) by grinding on a spherical mandrel until the center of the con-
cavity was 2.3 mm deep. The concavity was filled with tungsten-
loaded, epoxy-backing material, which extended 15 mm from the surface 
to provide damping of the back-face radiation. A cross-sectional 
sketch of the fabricated element is shown in Figure 6a. An oscillo-
gram of the ultrasonic pulse-echo response from a 76-mm thick alumi-
num block is shown in Figure 6b. The difference in response between 
the front and back surfaces is apparent on the oscillogram. The 
initial, positively increasing part of the response was transmitted 
from the flat, front face of the piezoelectric element; but the 
portion of the response beginning about three horizontal divisions 
from the left was transmitted from the back face. 
Since the entire concave face was displaced simultaneously by 
the excitation pulse, displacement near the rim reached the front 
face about 526 nanoseconds after displacement at the center of the 
concave face. Over a relatively long time, the pressure amplitude 
was reduced and the frequency spectrum of the back-face radiation was 
shifted to a much lower frequency. The concave back-face piezoelec-
tric element also caused a radial decrease in the electric field 
intensity of the excitation voltage at the front face of the element. 
Subsequently, a bell-shaped or near Gaussian pressure distribution 
NOVEL APPROACHES TO BROADBAND TRANSDUCER DESIGN 
I 
.~ 
- -
1.1 TRIANGULAR EXCITATION VOLTAGE PULSE, 
5V /DIV, 0.5 MICROSEC/DIV 
Ibl RECEIVER OUTPUT VOLTAGE FROM 
TRIANGULAR EXCITATION PULSE 
20 MILLIVOLT/DIV, '.5 MICROSEC/DIV 
lei RECEIVER OUTPUT FROM STANDARD UT 
PULSER PANAMETRIC &15& PR 2V /DIV, 
U MICROSEC/DIV 
349 
Fig. 5. Comparison of received signals from controlled pulse excita-
tion and standard UT impulse excitation of 2.25 MHz, air-
backed immersion-type transducers. 
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Fig. 6. Concave transducer evaluation. 
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was produced across the flat face of the transducer. The effect 
reduced or eliminated near-field diffraction effects in the trtt.ns-
mit ted pulse. The concave back-face transducer exhibited broadband 
characteristics and appeared to have some advantages over the 
polarization gradient approach to broadband transducers. 
CONCLUSIONS 
Investigation of three novel transducer design approaches 
exposed both problem areas and promising possibilities. The polari-
zation control approach appears to be feasible, but was difficult to 
apply because of hysteresis in the polarization-depolarization charac-
teristics of PZT-4, PZT-5A, and PZT-5H. The pulse-shape control 
approach showed some promise for improving the efficiency of low-
frequency (50 to 500 KHz) transducers, but the radial mode was suffi-
ciently excited to prevent development of a clean unipolar or bipolar 
pulse at the thickness mode frequency. 
Of the three approaches investigated, the concave back-face 
transducer showed the most promise. Not only did this design provide 
efficient broadband response, but also it reduced or eliminated near-
field effects and reduced the radial mode response. 
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